Introduction
============

With the development of next-generation sequencing (NGS) technology, genomic data sets containing unprecedented numbers of informative sites and loci are now available to explore the deepest relationships in the plant tree of life ([@evx107-B68]; [@evx107-B72]; [@evx107-B69]; [@evx107-B43]). Character-rich data sets, often of genomic-scale, can provide phylogenetic resolution even for particularly recalcitrant lineages, such as those that have undergone rapid evolutionary radiations or have considerable substitution rate heterogeneity ([@evx107-B66]; [@evx107-B31]; [@evx107-B2]; [@evx107-B71]). Furthermore, NGS continues to provide important, new opportunities to explore the relationships among lineages that have contentious or unresolved phylogenies.

The eupolypods II (Aspleniineae in [@evx107-B36]) is an unranked, highly supported clade ([@evx107-B45]; [@evx107-B47]; [@evx107-B41]) comprising approximately one-third the world's fern diversity and delimited by linear sori and two vascular bundles in the pedicels/stipes ([@evx107-B52]; [@evx107-B41]; [@evx107-B55]). This group of ferns is remarkable for its great morphological diversity, especially within several large genera including *Asplenium* (*c*. 700 spp.) in Aspleniaceae, *Athyrium* (*c*. 230 spp.) and *Diplazium* (*c*. 350 spp.) in Athyriaceae, *Goniopteris* (*c*. 120 spp.), and *Sphaerostephanos* (*c*. 185 spp.) in Thelypteridaceae ([@evx107-B4]; [@evx107-B16]; [@evx107-B58]; [@evx107-B51]; [@evx107-B46]; [@evx107-B14]; [@evx107-B61]; [@evx107-B36]). They have a world-wide distribution, with species specialized to various environmental conditions, from epiphytes or lithophytes (e.g., species of *Asplenium*, *Blechnidium*, and *Woodsia*) to terrestrial members (e.g., *Rhachidosorus*, *Athyrium* and *Diplazium*) ([@evx107-B41], [@evx107-B55]).

Phylogenetic relationships within eupolypods II have been difficult to resolve due to a rapid radiation in their history and high substitution rate heterogeneity ([@evx107-B42]). Rapid radiations yield few synapomorphies among clades, and, therefore, may confound phylogenetic analyses ([@evx107-B18]). In contrast, rate heterogeneity can cause convergence among distantly related groups and, therefore, lead to erroneous inferences of close relationships among groups with similar substitution rates ([@evx107-B15]; [@evx107-B53]). Although efforts have been made to resolve relationships in eupolypods II in the past decade, notable uncertainties persist. In particular, deep relationships among eupolypod II lineages remain contentious, probably as a predictable consequence of early rapid radiation of the clade ([@evx107-B42]), and several alternative phylogenetic hypotheses have been proposed ([@evx107-B44]; [@evx107-B60]; [@evx107-B52]; [@evx107-B47]; [@evx107-B61], [@evx107-B61]; [@evx107-B25]; [@evx107-B28]; [@evx107-B41], [@evx107-B43]; [@evx107-B49]; [@evx107-B35]; [@evx107-B36]). Taken together, these studies highlight that the placement of Rhachidosoraceae and the circumscription of Athyriaceae have been particularly problematic. For example, [@evx107-B25] find that Rhachidosoraceae is closely related to the Thelypteridaceae-Blechnaceae clade ([fig. 1*a*](#evx107-F1){ref-type="fig"}) based on sequences of the chloroplast *matK* gene. However, [@evx107-B42]) obtain a sister relationship between Rhachidosoraceae and the Aspleniaceae-Diplaziopsidaceae clade ([fig. 1*b*](#evx107-F1){ref-type="fig"}) based on five chloroplast loci. With respect to Athyriaceae, its monophyly has not been strongly supported in previous phylogenetic studies because of the ambiguous relationships among several genera, that is, *Deparia* and *Athyrium*-*Diplazium*, which are traditionally circumscribed in the family ([@evx107-B25]; [@evx107-B42]; [@evx107-B61]; also see [@evx107-B47]) ([fig. 1*c*](#evx107-F1){ref-type="fig"}). Most recently, [@evx107-B43] report a phylogenetic framework for leptosporangiate ferns based on 25 low-copy nuclear genes and a comprehensive taxonomic sampling. However, deep relationships among eupolypod II genera represent one of few areas of low support within the resulting topology ([fig. 1*d*](#evx107-F1){ref-type="fig"}), and some important taxa, such as *Rhachidosorus* (Rhachidosoraceae) and *Diplaziopsis* (Diplaziopsidaceae), are not included. Additional phylogenetic studies using more character-rich data sets are needed to address these fundamental and persistent uncertainties within the eupolypod II clade.

![Hypotheses on the backbone relationship of eupolypod II ferns with special reference to the positions of Rhachidosoraceae and Athyriaceae. (*a*) Topology resolving Rhachidosoraceae as sister to the Thelypteridaceae-Blechnaceae clade in [@evx107-B25]; (*b*) topology resolving Rhachidosoraceae as sister to the Aspleniaceae-Diplaziopsidaceae clade in [@evx107-B42]); (*c*) topology showing Athyriaceae as nonmonophyletic in [@evx107-B25], [@evx107-B42]) and [@evx107-B61]; and (*d*) topology showing unresolved relationships within eupolypod II ferns in [@evx107-B43] based on 25 low-copy nuclear genes.](evx107f1){#evx107-F1}

The utilities of whole chloroplast genomes, or plastomes, in fern phylogenetics have been documented in earlier studies ([@evx107-B64], [@evx107-B65]; [@evx107-B6]; [@evx107-B31]). Our primary objective of this study is to resolve relationships within eupolypods II using a character-rich plastome data set. The specific aims are (1) to explore the position of Rhachidosoraceae and the monophyly of Athyriaceae *sensu*[@evx107-B36] within this group of ferns, and (2) to investigate substitution rate heterogeneity across eupolypods II based on our well-established plastome phylogeny. We believe that our results will provide new insights into the value of plastome data for resolving phylogenetic relationships within fern lineages that have experienced rapid evolutionary radiations.

Materials and Methods
=====================

Taxon Sampling
--------------

Our sampling strategy followed the classification proposed by [@evx107-B36] and comprised 40 samples representing 32 ingroup species and 8 outgroup species ([table 1](#evx107-T1){ref-type="table"}). The outgroup included two species from Pteridaceae (*Adiantum* and *Myriopteris*) and one was from Dennstaedtiaceae (*Pteridium*). The outgroups also included five species representing eupolypods I: one species of Hypodematiaceae (*Hypodematium*), two species from Dryopteridaceae (*Cyrtomium* and *Dryopteris*), and two species from Polypodiaceae (*Lepisorus* and *Polypodium*). Among the ingroup, we included two species of *Cystopteris* from Cystopteridaceae, one species of *Rhachidosorus* from Rhachidosoraceae, three species of *Diplaziopsis* and *Homalosorus* representing Diplaziopsidaceae, three species of *Asplenium* and *Hymenasplenium* to represent Aspleniaceae, one species each of *Ampelopteris*, *Christella*, *Macrothelypteris*, *Pseudophegopteris*, and *Stegnogramma* from Thelypteridaceae two species of *Woodsia* from Woodsiaceae, one species each from *Austroblechnum* and *Woodwardia* to represent Blechnaceae, one representative species each of *Matteuccia* and *Onoclea* from Onocleaceae, and 12 species from *Athyrium*, *Deparia* and *Diplazium* representing Athyriaceae. Our sampling covered almost all major lineages of eupolypods II except Hemidictyaceae and Desmophlebiaceae, which were strongly supported as sisters to Aspleniaceae in prior studies ([@evx107-B47]; [@evx107-B42]; [@evx107-B35]). We generated new plastome sequences for 33 species that had no data in GenBank, including 30 from eupolypods II and three from eupolypods I. Finally, we included seven additional plastomes from GenBank. All voucher information is listed in [table 1](#evx107-T1){ref-type="table"}. Table 1Data of the Sampled Species in This Study and Information on the Plastome AssemblySpeciesFamilyNo. Voucher/ReferencesNo. AccessionNo. Reads (trimmed)Coverage of PlastomePlastome Size (bp)GC %Ingroup taxa* Ampelopteris prolifera* (Retz.) Copel.ThelypteridaceaeChina, Yunnan, *WR0326***KY427329**16,252,690606151,77242.4* Anisocampium sheareri* (Baker) ChingAthyriaceaeChina, Guizhou, *7194***KY427330**16,594,594239151,06843.5* Asplenium pekinense* HanceAspleniaceaeChina, Beijing, *WR0321***KY427331**15,770,830412152,47941.2* Asplenium prolongatum* Hook.AspleniaceaeChina, Guizhou, *WR0323***KY427332**15,399,230345151,11540.8* Athyrium devolii* ChingAthyriaceaeChina, cultivated, *7057***KY419703**15,573,042411151,28444.0* Athyrium sinense* Rupr.AthyriaceaeChina, Hebei, *WR0324***KY427333**7,931,306152151,319[^a^](#tblfn2){ref-type="table-fn"}43.8* Blechnum melanocaulon* (Brack.) T.C. Chambers & P.A. FarrantBlechnaceaeIndonesia, Java, *WR0329***KY427334**6,774,584210150,20243.7* Cornopteris opaca* (D. Don) TagawaAthyriaceaeChina, Guizhou, *7148***KY427335**15,459,732337150,97943.7* Cyclosorus procerus* S. Lindsay & D.J. MiddletonThelypteridaceaeChina, Yunnan, *WR0325***KY427336**14,590,872444151,51742.5* Cystopteris chinensis* (Ching) X.C. Zhang & R. WeiCystopteridaceaeChina, Sichuan, *WR0319***KY427337**15,426,778160151,269[^a^](#tblfn2){ref-type="table-fn"}42.9* Cystopteris protrusa* (Weath.) BlasdellCystopteridaceaeMarchant et al. unpublishedKP136830N/AN/A131,837[^b^](#tblfn3){ref-type="table-fn"}42.7* Deparia lancea* (Thunb.) Fraser-Jenk.AthyriaceaeChina, cultivated, *Sh002***KY427338**14,456,502255151,01143.9* Deparia pycnosora* (Christ) M. KatoAthyriaceaeChina, Beijing, *WR0322***KY427339**28,120,814415151,12644.0* Deparia viridifrons* (Makino) M. KatoAthyriaceaeChina, Guizhou, *7434***KY427340**15,633,288171150,93943.8* Diplaziopsis cavaleriana* (Christ) C. Chr.DiplaziopsidaceaeChina, Guizhou, *7154***KY427341**18,796,214341151,93443.1* Diplaziopsis javanica* (Blume) C. Chr.DiplaziopsidaceaeIndonesia, Sumatra, *2895***KY427342**17,699,800350151,49642.6* Diplazium bellum* (C.B. Clarke) BirAthyriaceaeChina, Yunnan, *WR0206***KY427343**15,094,718255151,60142.6* Diplazium dilatatum* BlumeAthyriaceaeChina, Guangdong, *WR0183***KY427344**16,471,548244151,11443.9* Diplazium dushanense* (Ching ex W.M. Chu & Z.R. He) R. Wei & X.C. ZhangAthyriaceaeChina, Guizhou, *WR0320***KY427345**15,433,246362150,17943.2* Diplazium striatum* (L.) C. PreslAthyriaceaeCuba, Santiago, *JL455***KY427346**13,811,138489150,77943.8* Diplazium unilobum* Hieron.AthyriaceaeCuba, Santiago, *JL452***KY427347**13,964,600852127,840[^b^](#tblfn3){ref-type="table-fn"}43.6* Homalosorus pycnocarpos* (Spreng.) Pic*.* Serm.DiplaziopsidaceaeUSA, North Carolina, *X004***KY427349**16,754,2361536152,15943.2* Hymenasplenium unilaterale* (Lam.) HayataAspleniaceaeChina, Guizhou, *7191***KY427350**14,595,828213151,72342.0* Macrothelypteris torresiana* (Gaudich.) ChingThelypteridaceaeChina, Guizhou, *7471***KY427352**15,718,050450151,13043.1* Matteuccia struthiopteris* (L.) Tod.OnocleaceaeChina, Beijing, *WR0331***KY427353**16,356,718556151,00344.3* Onoclea sensibilis* L.OnocleaceaeChina, Beijing, *WR0327***KY427354**15,633,816377148,39544.4* Pseudophegopteris aurita* (Hook.) ChingThelypteridaceaeChina, Jiangxi, *WR0326***KY427355**8,070,614712149,917[^a^](#tblfn2){ref-type="table-fn"}43.1* Rhachidosorus consimilis* ChingRhachidosoraceaeChina, Guizhou, *7449***KY427356**18,855,194764153,190[^a^](#tblfn2){ref-type="table-fn"}43.5* Stegnogramma sagittifolia* (Ching) L.J. He & X.C. ZhangThelypteridaceaeChina, Guizhou, *7486***KY427357**14,368,186225151,13243.0* Woodsia macrochlaena* Mett. ex KuhnWoodsiaceaeChina, Heilongjiang, *Wu126***KY427358**13,930,412348150,98742.7* Woodsia polystichoides* D.C. EatonWoodsiaceaeChina, Heilongjiang, *Wu48***KY427359**15,593,392613150,68542.6* Woodwardia unigemmata* (Makino) NakaiBlechnaceae[@evx107-B31]NC_028543N/AN/A153,71743.2Outgroup taxa* Adiantum capillus-veneris* L.Pteridaceae[@evx107-B64]NC_004766N/AN/A150,56842.0* Cheilanthes lindheimeri* Hook.Pteridaceae[@evx107-B65]NC_014592N/AN/A155,77042.7* Cyrtomium devexiscapulae* (Koidz.) Koidz. & ChingDryopteridaceae[@evx107-B31]NC_028542N/AN/A151,62842.3* Dryopteris decipiens* (Hook.) KuntzeDryopteridaceaeChina, Guizhou, *7333***KY427348**12,461,232134150,98742.7* Hypodematium crenatum* (Forssk.) Kuhn & DeckenHypodematiaceaeChina, Guizhou, *7078***KY427351**12,451,746287149,794[^a^](#tblfn2){ref-type="table-fn"}41.1* Lepisorus clathratus* (C.B. Clarke) ChingPolypodiaceaeChina, Beijing, *jingB-1***KY419704**18,095,858540156,99841.8* Polypodium glycyrrhiza* D.C. EatonPolypodiaceaeMarchant et al. unpublishedKP136832N/AN/A129,223[^b^](#tblfn3){ref-type="table-fn"}40.1* Pteridium aquilinum* var. *aquilinum* (L.) KuhnDennstaedtiaceae[@evx107-B6]NC_014348N/AN/A152,36241.5[^1][^2][^3]

Data Extraction and Plastome Assembly
-------------------------------------

We extracted total genomic DNA from silica-dried material using a modified CTAB method ([@evx107-B7]). We sent the DNA extracts to the Novogene Corporation (Beijing, China), which constructed sequencing libraries using a TruSeq Nano DNA HT Sample Preparation Kit (Illumina, San Diego, CA) following the manufacturer's recommendations. Specifically, each DNA sample was indexed with a unique marker for downstream identification of its sequences. The samples were sheared into 350-bp fragments, which were end polished, A-tailed, and ligated with the full-length adapter for Illumina sequencing with PCR amplification. The libraries were sequenced on an Illumina HiSeq X Ten platform (Illumina, San Diego, CA), and 150-bp paired-end reads were generated with insert size ∼350 bp. Following enrichment, we obtained the NGS data for 33 species, ranging from *c.* 4--6 Gb.

We filtered the raw reads using default settings (-L:5 -*p*:0.5 -N:0.1) in ng_QC v2.0, which was developed by Novogene Corporation. To assemble the reads, we used both de novo and reference-guided methods. Frist, we performed de novo assemblies in VELVET ([@evx107-B70]) using the k-mer size ranging from 57 to 87 bp. We merged contigs in Geneious R9.1.2 ([@evx107-B23]) and then mapped them to plastomes of *Woodwardia unigemmata* (NC_028543) and *Cyrtomium devexiscapulae* (NC_028542) ([@evx107-B31]), which we downloaded from GenBank to use as references. To correct errors and assembly ambiguities mainly resulting from the reference-guided assembly method, we extracted the consensus sequence obtained from reference-guided assembly in Geneious, and used it as the reference sequence to remap the contigs produced by de novo assembly, and we manually curated the remapped contigs. To improve curation of the assemblies, we detected the boundaries of large single copy (LSC), small single copy (SSC) and inverted repeat (IR) regions using BLAST via the NCBI website (<http://blast.ncbi.nlm.nih.gov/Blast.cgi>; last accessed June 21, 2017). We annotated the final plastome assemblies in DOGMA with an *E*-value of 5 and a 60% or 80% percent identity cutoff for protein coding genes and tRNAs ([@evx107-B67]) or manually in Geneious. We deposited all 33 annotated plastomes in GenBank (accession numbers: KY419703, KY419704, KY427329 − KY427359).

Phylogenetic Analyses
---------------------

We generated three data matrices from 40 plastomes: (1) the complete plastid genome, (2) 88 genes with complete introns included, (3) 83 protein-coding (CDS) genes excluding introns, four ribosomal RNA genes (4.5S, 5S, 16S, and 23S) and one NAD(P)H oxidoreductase gene *ndhB* ([supplementary table S1](#sup7){ref-type="supplementary-material"}, Supplementary Material online). Only one copy of the IR region was included in the data matrices. For the complete plastomes, sequences were aligned using MAFFT v7 ([@evx107-B22]) implemented in Geneious. For the data sets of 88 genes and 83 CDS genes, we first aligned the genes independently in MAFFT and then concatenated them in BioEdit v7.1.1 ([@evx107-B13]). We excluded poorly aligned regions from the matrices with GBLOCKS ([@evx107-B57]) using codons as the type of sequences (-t), up to half gap positions allowed (b5: half), the block lengths of 2 at minimum (b4: 2), and no more than 13 contiguous nonconserved positions (b3:13).

We performed maximum likelihood (ML) analyses in RAxML v8 ([@evx107-B54]) on the CIPRES Science Gateway (<http://www.phylo.org>(last accessed June 21, 2017); [@evx107-B33]). For the complete plastome alignment, we conducted the ML analysis without partitioning, because spacers can be difficult to assign into partitions. In order to obtain a reliable phylogenetic reconstruction, we applied three partitioning strategies to the 88- and 83-gene data sets for comparison: (1) no partitioning, (2) partitioning by gene, and (3) partitioning according to results from PartitionFinder v1.1.1 ([@evx107-B26]) with pre-defined partitioning by genes. For PartitionFinder and the ML analyses, we specified the GTR + G + I evolutionary model based on results [from]{.smallcaps} jModelTest2 ([@evx107-B75]) for each partition according to the corrected Akaike information criterion (AICc, [@evx107-B3]). We performed 1,000 rapid bootstrap replications, and we visualized the ML trees and bootstrap values (BS) using FigTree v1.4 ([@evx107-B37]). We compared ML outcomes for the three data sets and different partitioning strategies using the AICc criterion. The AICc was calculated as 2(−log~e~L) + 2*K*(*n*/(*n *−* K *−* *1)) ([@evx107-B1]; [@evx107-B17]), where −log~e~L is the likelihood obtained in the ML analysis, *n* is the number of sites in the alignment, and *K* is the number of free model parameters.

We performed Bayesian inference (BI) analyses in MrBayes v3.2.1 ([@evx107-B39]). To shorten the calculation time, we analyzed the complete plastome, 88- and 83-gene matrices without partitioning. We applied the GTR + G + I determined in jModelTest2 to each data set. Each Bayesian analysis comprised two independent runs of 100 million generations from a random starting tree with one cold chain and three hot chains, and we sampled the cold chain every 1,000 generations. We observed statistical output from the BI runs in Tracer v1.6 ([@evx107-B38]) to check for convergence between simultaneous runs, determine appropriate burn-ins, and ensure effective sampling sizes (ESS) of all parameters \> 200. A burn-in of 25% was appropriate for all runs. We combined simultaneous, independent runs to obtain majority rule consensus trees and to calculate posterior probabilities (PP).

We assessed the effects on tree topology of possible saturation at the third codon position (fast evolving) by performing independent ML analyses of the first and second positions (slowly evolving) combined and the third position. For these additional analyses, we used the same procedure ML described earlier with no partitioning and the GTR + G + I model. We compared tree topologies obtained from the complete plastomes, 88-gene matrix, 83-gene matrix, codon positions 1 + 2, and position 3 using a patristic distance correlation analysis in Mesquite v3.10 ([@evx107-B32]).

Rate heterogeneity, such as in eupolypods II, may sometimes co-occur with other confounding evolutionary signals, such as base compositional heterogeneity ([@evx107-B15]). Base compositional heterogeneity violates the assumptions of phylogenetic inferences methods and can cause misleading results ([@evx107-B50]). Thus, we carried out a χ^2^ test of base-frequency homogeneity for each gene in PAUP\* 4.0b10 ([@evx107-B56]). We detected significant compositional heterogeneity in the *ndhF* and *ycf1* genes, but found that excluding these genes from our data sets yielded results (not shown) highly congruent with those from analyses in which they were not excluded. Thus, we included them in all analyses presented here.

Divergence Time Estimation
--------------------------

To infer a time-scale of rapid radiation within eupolypod II ferns, we carried out a Bayesian divergence time estimation using a relaxed clock model in BEAST v1.7.2 ([@evx107-B8]; [@evx107-B9]). For this analysis, we used the unpartitioned 83-gene data set, to minimize computational complexity and achieve statistical convergence. We employed two secondary nodal calibrations ([@evx107-B48]; [@evx107-B43]). First, we constrained the root age of Pteridaceae and other polypod ferns (Node 1) using a normal prior distribution with a mean of 165.44 and an SD of 31.4 to cover the range of estimated split times (114--194 Ma reported in [@evx107-B45]; [@evx107-B48]; [@evx107-B43]). For the second calibration node (Node 2), we used a normal prior distribution with a mean of 103.1 and an SD of 10.3 to constrain the crown age of eupolypods II according to the results of [@evx107-B43]. As extinction may be an important process in the biogeographical history of this group of ferns, the data set was run using a birth--death speciation prior. For MCMC analyses, we performed three independent runs of 10 million generations with sampling every 1000 generation on the CIPRES Science Gateway. The resulting log files were combined in LOGCOMBINER after discarding the first 10% of generations as burning. We checked the combined logs in TRACER ensure that effective sample sizes (ESS) for the relevant estimated parameters were well \>200. We resampled the tree files in LOGCOMBINER using the same burn-in strategy. We obtained the time-calibrated maximum clade credibility (MCC) topology with a posterior probability limit of 0.5 and mean branch lengths using TREEANNOTATOR. We visualized our results in [FigTree]{.smallcaps} to check high probability densities (HPDs) of the chronogram.

Plastid Substitution Rate Analyses
----------------------------------

To explore the variation in substitution rates across the eupolypod II ferns and the degree to which it influences phylogenetic reconstruction, we used a random local clock (RLC) model within a Bayesian framework as implemented in BEAST. We applied the model to our 83-gene data set and ran the analyses with unpartitioned strategy using the GTR + G + I model with four rate categories, birth--death speciation prior, Poisson rate change prior, and CTMC rate reference for the clock rate with initial value of 1.0 ([@evx107-B10]; [@evx107-B2]). Moreover, we performed an independent run using the same data set but with priors only for comparison to ensure that the rate variations that we detected resulted from our sequence data and were not simply constructs of our prior settings. We ran three independent MCMC runs of 10 million generations each from a random starting tree. We used Tracer to confirm stationarity of runs and to verify an ESS \>200 for relevant estimated parameters. We discarded the first 10% of generations as burn-in using LOGCOMBINER and generated a MCC tree with relative rates in TREEANNOTATOR.

In addition, we tested whether heterogeneous substitution rates among taxa were plastome-wide (global heterogeneity) or primarily restricted to a few genes (local heterogeneity). To accomplish this, we compared within-gene variance of pairwise distances across genes. We performed this analysis using a custom python script (see Supplementary Material online).

Detection of Informative Plastid Markers for Deep Phylogeny of Eupolypod II Ferns
---------------------------------------------------------------------------------

We sought to detect the most variable plastid genes in eupolypod II ferns and determine their potential for resolving recalcitrant nodes, especially due to the rapid radiation. To accomplish this, we measured parsimony-informative characters (PICs) per site (*Pi* values) with DnaSP v5.1 ([@evx107-B30]) for ingroup taxa. We applied a sliding scale window with nonoverlapping 1,000-bp segments in order to take into account both long and short loci. We tested the phylogenetic utility of plastid markers with *Pi* \> 0.1 by using them exclusively to perform an ML analysis. We examined the correlations between the topology based on these genes to the complete-plastome matrix, the 88-gene matrix, and the 83-gene matrix in Mesquite.

Results
=======

We obtained new plastome sequences for 33 species, and the coverage of the plastid genomes ranged from 134× (*Dryopteris decipiens*) to 1,536× (*Homalosorus pycnocarpos*) ([table 1](#evx107-T1){ref-type="table"}). We found that plastome structure was conserved across the species sampled and that the complete length of the plastomes without gaps ranged from 148,359 to 156,998 bp ([table 1 and](#evx107-T1){ref-type="table"}[supplementary fig. S1](#sup1){ref-type="supplementary-material"}, Supplementary Material online). The GC content of the plastomes ranged from 40.8% to 44.4% ([table 1](#evx107-T1){ref-type="table"}).

The results from different data matrices, partitioning strategies, and analytical methods were largely congruent ([supplementary fig. S2](#sup2){ref-type="supplementary-material"}, Supplementary Material online). The ML analyses of the 88- and 83-gene matrices partitioned by gene had the lowest AICc scores, respectively ([table 2](#evx107-T2){ref-type="table"}). Among ML trees based on different data sets (the complete plastome, 88-gene, 83-gene, codon positions 1 + 2, codon position 3, and 14-gene with *Pi* \> 0.1), we found that patristic distances were highly correlated (coefficient = 1.0). ML trees were highly consistent with results from BI analyses. The ML and BI analyses resolved a strongly supported phylogenetic framework with nearly all deep nodes supported by 100% in BS values (BSs) and 1.0 in PP values (PPs) ([fig. 2*a*](#evx107-F2){ref-type="fig"}). Notably, all analyses showed Rhachidosoraceae as sister to the clade including Diplaziopsidaceae and Aspleniaceae with strong support of 100% or 98% BSs and 1.0 PPs, and the sister relationship of Diplaziopsidaceae to Aspleniaceae also received support with BSs ≥ 69% and PPs = 1.0. Furthermore, the monophyly of Athyriaceae was strongly supported in all analyses with BSs of 99--100% and PPs of 1.0. Table 2Comparison of GTR + I + G Partition Models from Maximum Likelihood Analysis of the Data SetGTR Model PartitionNo. Partitions−log~e~L\*No. Free ParametersAICc88 genesUnpartitioned1770062.3769861540296.92PartitionFinder13765521.04731941531430.92Gene partitioned88764509.89448691530774.4183 genesUnpartitioned1597995.6031861196163.42PartitionFinder11595226.21391761190805.32Gene partitioned83594484.07728241190635.76[^4]

![The ML phylogram of 40 species based on 83-gene matrix and codon partitioned strategy and Bayesian divergence time estimation based on 83-gene matrix with unpartitioned strategy. (*a*) Maximum likelihood bootstrap values (BSs) are 100% and Bayesian posterior probabilities (PPs) are 1.0, unless otherwise indicated. Numbers above the branches indicate BSs and PPs based on whole plastome matrix, and BSs (unpartitioned, ParititionFinder, gene partitioned) and PPs based on 88-gene matrix, while numbers below the branches as BSs (unpartitioned, codon partitioned, ParititionFinder, gene partitioned) and PPs based on 83-gene matrix; (*b*) chronogram with secondary calibration nodes indicated by numbers; (*c*) bar chart indicating stem clade ages and HPD intervals of each family of eupolypods II. Blue bars indicate 95% highest posterior density (HPD) intervals of the age estimates; grey bars indicate the time-scale of eupolypod II radiation.](evx107f2){#evx107-F2}

Our Bayesian divergence time showed that most families within eupolypods II evolved within the period ranging from 65 to 95 Ma ([fig. 2*b* and *c*](#evx107-F2){ref-type="fig"}). Bayesian analysis under the RLC model in [Beast]{.smallcaps}, revealed a mean value of 33 substitution rate shifts ([fig. 3 and](#evx107-F3){ref-type="fig"}[supplementary fig. S3](#sup3){ref-type="supplementary-material"}, Supplementary Material online). Our test showed that there was similar heterogeneity within all markers, and we detected no outliers ([supplementary fig. S4](#sup4){ref-type="supplementary-material"}, Supplementary Material online). Rates accelerated in Thelypteridaceae, Woodsiaceae, Onocleaceae and Blechnaceae, and decelerated in Cystopteridaceae. Aspleniaceae and Athyriaceae experienced both accelerations and decelerations. Comparison of runs with priors only versus with sequence data indicated that the 95% HPD of 30--36 rate changes was significantly different from the 95% HPD of 0--5 for prior only ([supplementary fig. S3](#sup3){ref-type="supplementary-material"}, Supplementary Material online).

![Relative plastid substitution rates among clades/branches of the eupolypod II ferns, based on the "83-gene matrix," resulting from the random local clock analyses in BEAST v1.8.1. Numbers above the branches indicate relative, median rates with no measured units, scaled by dividing all rates by that of the crown node of eupolypods II. Colors of branches represents to relative rate. Light red indicates a relative rate of 0, whereas a trend of blue color marks a relative rate approaching 3.0.](evx107f3){#evx107-F3}

The sliding window analysis revealed that genes located in SC region are more variable than in the IR regions ([fig. 4](#evx107-F4){ref-type="fig"}). However, it was interesting that variability of genes without introns was generally higher than genes with intron regions. For eupolypod II ferns, *ndhF*, *rpoC2* and *ycf1* have *Pi* \> 0.15, among which the two genes with heterogeneous base compositional frequencies, *ndhF* and *ycf1*, had the highest and second highest *Pi*, respectively. Other genes having *Pi* \> 0.1 were *ccsA*, *cemA*, *chlN*, *clpP*, *matK*, *ndhA*, *ndhD*, *petB*, *rpl2*, *rpl16*, and *rps16*, and these were mainly located in SC regions. Only one gene with *Pi *\> 0.1, *ycf2*, was located in the IR region. The most commonly used plastid gene markers, such as *atpA*, *atpB*, *rbcL*, had very low *Pi* value (\< 0.1).

![Comparison of variability in nonoverlapping 1,000-bp sliding windows for eupolypod II ferns. Genes with interests are indicated, that is, genes with *Pi* \> 0.1 are marked in black and genes with *Pi *\< 0.1 are marked in red.](evx107f4){#evx107-F4}

Discussion
==========

Deep Phylogenetic Relationships within Eupolypod II Ferns
---------------------------------------------------------

The plastome phylogenies presented here represent the most robust phylogenetic framework to-date of eupolypods II. Nearly all deep nodes have strong support (BSs = 100% and PPs = 1.0; [fig. 2*a*](#evx107-F2){ref-type="fig"}) even under different partitioning strategies and phylogenetic methods. The current results help to verify the phylogenetic position and delimitation of Cystopteridaceae, Diplaziopsidaceae, Aspleniaceae, Thelypteridaceae, Woodsiaceae, Blechnaceae and Onocleaceae proposed in previous studies ([@evx107-B47]; [@evx107-B25]; [@evx107-B41],[@evx107-B42]). Our results unambiguously show the position of Rhachidosoraceae and Athyriaceae, which have been extremely difficult to place within eupolypods II ([@evx107-B62]; [@evx107-B25]; [@evx107-B42]). [@evx107-B42] report a similar topology to ours based on five chloroplast markers and a different sampling strategy. However, the position of *Rhachidosorus* and the circumscription of Athyriaceae (BS = 63% for *Rhachidosorus*, BS = 75% for athyrioids) are not well supported, which left the deep relationships of eupolypod II unresolved. They hypothesized that weakly or unresolved relationships were a result of rapid radiation in the eupolypods, and noted that their phylogenetic results bore a classic footprint of rapid radiation: short branches at deep nodes compared with long ones within crown clades. Our results support the hypothesis of [@evx107-B42]) of a deep, rapid radiation in eupolypods II. We found short branches at deep nodes, and observed that the evolution of most families occurred during a 30-Myr period between 65 and 95 Ma ([fig. 2](#evx107-F2){ref-type="fig"}). Nevertheless, we also found that our robust plastome provided a strong phylogenetic signal even for short branches. In particular, the plastomes provide nearly 9 times the PICs of the 25 nuclear genes used in smaller sample size of nuclear genes used by in [@evx107-B42]) (26,000 PICs vs. less than 3,000 PICs). We have achieved improved phylogenetic resolution, particularly for Rhachidosoraceae as sister to the clade containing Diplaziopsidaceae and Aspleniaceae (BSs \> 98% and PPs = 1.0) and found strong support for the monophyly of Athyriaceae (BSs \> 99% and PPs = 1.0).

More recently, [@evx107-B43] reported low support for most deep nodes of eupolypods II based on a topology reconstructed from 25 low-copy nuclear genes. The topology from [@evx107-B43] differs from our topologies by resolving Thelypteridaceae as sister to Aspleniaceae with 46% BS support and rendering Athyriaceae paraphyletic by including Blechnaceae and Onocleaceae with BS as 80%, which was one of the highest supports among nodes in the nuclear phylogeny. One possible explanation for the incongruence between reconstructed phylogenies in that study and ours may be incomplete lineage sorting among nuclear genes, given the fact that nuclear genes may experience 4 times slower coalescence than plastid genes ([@evx107-B34]; [@evx107-B43]). However, other biological processes, such as hybridization, introgression and polyploidization, could also contribute to phylogenetic discordance, because reticulate evolution has been frequently observed in several families of leptosporangiate ferns ([@evx107-B59]; [@evx107-B63]; [@evx107-B21]; [@evx107-B46]; and references therein). Thus, the incongruence between topologies in the [@evx107-B43] study and ours merits further investigation to elucidate the evolutionary processes within eupolypods II, even though the incongruence is soft (i.e., not well supported in [@evx107-B43]).

Although morphological stasis is well-known within eupolypod II ferns ([@evx107-B41],[@evx107-B42]; [@evx107-B55]), a few obvious morphological synapomorphies of Rhachidosoraceae and Aspleniaceae can be recognized. For example, both families possess single-sided "asplenioid" sori and clathrate scales, while all the species of Athyriaceae share J-shaped "athyrioid" or back-to-back "diplazioid" sori and non-clathrate scales ([@evx107-B55]). Previous taxonomic treatments based on morphology regard *Rhachidosorus* as members of athyrioid ferns, but the characters supporting this relationship, such as leaf shape, rachis-costa architecture, and bisection of stipes (two hippocampus-shaped vascular bundles), may be homoplastic ([@evx107-B4]; [@evx107-B20]; [@evx107-B5]).

Substitution Rate Heterogeneity within Eupolypod II Ferns
---------------------------------------------------------

Our Bayesian analysis based on RLC model revealed about 33 rate shifts among the eupolypod II clades ([fig. 3 and](#evx107-F3){ref-type="fig"}[supplementary fig. S3](#sup3){ref-type="supplementary-material"}, Supplementary Material online), and all genes showed similar numbers of rate shifts indicating that substitution rate heterogeneity is likely a result of variation in the whole plastome rather than certain genes ([supplementary fig. S4](#sup4){ref-type="supplementary-material"}, Supplementary Material online). It is notable that only the Rhachidosoraceae-Aspleniaceae and Athyriaceae clades have experienced significant relative rate accelerations and decelerations ([fig. 3](#evx107-F3){ref-type="fig"}). Coincidentally, the systematic problems of these two lineages are the most difficult to resolve as indicated in previous studies ([@evx107-B47]; [@evx107-B62]; [@evx107-B25]; [@evx107-B28]; [@evx107-B42]). Given that no significant unequal base frequencies are found in most chloroplast genes within these two lineages (except *ndhF* and *ycf1*, results not shown), we propose that the unusual rate heterogeneity probably contributed to their weak resolutions and poor supports at deep nodes ([@evx107-B40]; [@evx107-B73]). Our study successfully resolves the deep phylogenetic relationships involving these problematic lineages, and also demonstrates the power of character-rich data set from plastid genome to overcome the systematic problems caused by rapid radiation tangling together with substitution rate heterogeneity.

Chloroplast Gene Variability and Phylogenetically Informative Markers
---------------------------------------------------------------------

Our results demonstrate that the gene number, gene order, and GC content of the plastid genome are largely consistent among eupolypods II and other polypod ferns ([table 1](#evx107-T1){ref-type="table"}) ([@evx107-B64], [@evx107-B65]; [@evx107-B6]; [@evx107-B31]). The genes do not exhibit rearrangements or segmental inversions that have been found in other ferns and lycophytes, i.e., *Huperiza*--*Isoëtes*--*Selaginella* clade and tree ferns ([@evx107-B11]; [@evx107-B19]; [@evx107-B74]). However, the chloroplast genes do show high levels of base variability among different lineages ([fig. 4](#evx107-F4){ref-type="fig"}). For example, genes such as *clpP*, *matK*, *ndhA*, *ndhF*, *rpoC2*, *rps16* and *ycf1* from the SC region, have strikingly higher PICs than the genes from the IR regions. One probable reason for this phenomenon is that genes that are translocated to the IR region undergo a reduction in substitution rate ([@evx107-B29]). Moreover, we find that some frequently used plastid markers, e.g., *atpA*, *atpB*, *rbcL*, and *rps4*, are among the least informative genes ([fig. 4](#evx107-F4){ref-type="fig"}). Therefore, it is not surprising that previous phylogenetic studies based on these markers produced low resolution, especially for deep relationships among families with fast rates and short internodes ([@evx107-B47]; [@evx107-B61], [@evx107-B61]; [@evx107-B25]; [@evx107-B28]; [@evx107-B42]). By contrast, our sliding window analysis find 14 genes in the SC region with the highest *Pi* (\> 0.1) values ([fig. 4](#evx107-F4){ref-type="fig"}), and the phylogenetic reconstruction based on these genes recovered a strongly supported topology with high patristic distance correlations to the whole plastome, 88- and 83-gene trees (coefficient = 1.0 in Mesquite) ([supplementary figs. S2](#sup2){ref-type="supplementary-material"} and [S5](#sup5){ref-type="supplementary-material"}, Supplementary Material online). We suggest that genes with high *Pi* are suitable markers to elucidate the relationships for fern lineages (e.g., at familial or generic levels in our study) which have experienced rapid radiation, as long as care is taken to check for and accommodate base compositional heterogeneity.
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[^1]: [Note]{.smallcaps}.---Vouchers of the specimens are deposited at the Chinese National Herbarium (PE) in Institute of Botany, Chinese Academy of Sciences. Accession numbers in bold indicate newly generated data in this study. N/A, data not available.

[^2]: Plastid genome with a few small gaps to be bridged.

[^3]: Partial genome.

[^4]: [Note]{.smallcaps}.---−log~e~L, the likelihood; AICc, corrected Akaike Information Criterion; AICc = 2(−log~e~L) + 2*K*(*n*/(*n *−* K *−* *1)); "*n*," number of sites in the alignment; "*K*," number of free model parameters.
